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1. Expanded Executive Summary and Key Findings
Executive Summary

Coastal resource issue addressed
Animal agriculture has been identified as a significant source of nitrogen and

phosphorus contamination of surface water. The overall goal of the research is to evaluate
practices to minimize nutrient delivery from dairy farms to receiving waters in coastal
and estuarine watersheds. The project supports U.S. agriculture, and contributes to the
CICEET purpose of using NERRS in developing and applying innovative environmental
technologies for prevention of contamination in estuaries and coastal waters.

Definition of tool, and advantages relative to standard practices
The tool developed is a manure treatment reactor designed to alter the nitrogen

(N) and phosphorus (P) composition of liquid dairy manure. Historically, dairies
provided no treatment of manure prior to land application. Stricter environmental
regulations provide incentive to treat manure prior to land application. Dairy manure, like
most livestock waste, contains a disproportionate amount of P. When manure is applied
as fertilizer to meet the N requirements of crops, P accumulates in soil and may runoff to
contaminate surface waters.

Solid-liquid separation is commonly used in municipal and industrial wastewater
treatment systems to reduce the organic loading to the liquid treatment system, remove
large particles that could plug or damage nozzles in the irrigation system used in land
application, and produce a fibrous by-product that can be moved off-site if export of
nutrients is required. Even after solid-liquid separation, a significant fraction of N and P
remains in the wastewater (Van Horn et al., 1994). Biological treatment is the next choice
in nutrient removal. Enhanced biological P removal (EBPR) is a treatment process that
takes advantage of the ability of P-accumulating organisms (PAOs) to sequester excess P
as polyphosphate granules in their cytoplasms (Figure 1; Grady et al., 1999). Phosphorus
is immobilized inside of PAOs as polyphosphate granules when the microbes are exposed
to sequential anaerobic/aerobic conditions (Lötter et al., 1986). PAOs are heterotrophic
bacteria, and preferentially use volatile fatty acids (VFA) as their electron donating
substrate (Grady et al., 1999).

Under anaerobic
conditions, PAOs use
energy derived from the
hydrolysis of stored
polyphosphate granules to
sequester and store VFA as
a polymerized carbon
storage compound called
poly-ß-hydroxyalkanoate
(PHA; Wentzel et al., 1991).
Inorganic phosphate (Pi) is
released into solution as a
result of the hydrolysis
process. Subsequently, when
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PAOs are exposed to aerobic conditions, they use PHAs to fuel growth and reestablish
depleted polyphosphate reserves by sequestering Pi from the wastewater. The result is
movement of Pi from solution into the biomass. Because cellular growth is occurring and
cellular biomass is regularly removed from the system (wasting), P uptake by PAOs
under aerobic conditions is greater than P release under anaerobic conditions. At the end
of the treatment process, the liquid effluent is low in P while the biomass wasted from the
system is enriched in P.

Current stage of development, regulatory barriers
We have EBPR reactors operational at the lab-scale level (~160 liter reactor).

While technical issues remain to be resolved, scaling up to a full-size treatment system
appears clearly feasible. Regulatory barriers exist, however. In Virginia and many other
states, current CAFO regulations ban the export of liquid manure from permitted farms
(i.e. large dairy farms). Even the export of solid manure products is difficult and limited
to small quantities of “value-added” products, such as compost.

The reason for this regulatory restriction is the concern that unlimited export of
manure may lead to abuses of the CAFO permit system. Clearly, we need to avoid any
chance of farmers simply swapping manure with their neighbor to get around nutrient
management restrictions. In the poultry industry, this concern has been addressed through
record-keeping requirements. Exported litter must be tracked and the end-user must
receive full information on the nutrient content of the litter and land application
limitations.

The politically sensitive question is whether end-users should be required to
actually obtain and implement a nutrient management plan including the imported
manure. This step would fully address concerns of inappropriate and unlimited land
application of manure, but industry groups express concern that it will limit the market
for manure products. Potential purchasers of manure products could also use commercial
fertilizer to meet their nutrient needs. Manure is more variable in its composition and
more expensive to store until the proper time for application. Both factors make
implementation of a manure-based nutrient management plan more expensive for the
end-user as compared to a commercial fertilizer-based plan.

End-users
The end users for this technology were dairy farms located in nutrient sensitive

areas. Our initial economic analysis indicates that this technology was most cost-effective
for larger, land-limited farms (> 3 cows/ha) and for farms needing to export nutrients
long distances because of local P excess (Yanosek, 2002). Larger farms typically have
more of an economic incentive to incorporate new waste management technologies into
their operations. The capital costs of implementing a new management practice or
technology is spread over a larger herd. In addition, larger farms are under greater
regulatory pressures depending on the state within which the farm is located. Also, the
greater the concentration of livestock (cow to land area ratio), the greater the potential for
excess manure.

Key Findings
a) Cost. The costs of EBPR and off-farm transport were compared for an 805 cow

dairy farm employing P-based manure application (Yanosek, 2002). Costs were
compared over a 20-year period using annualized net present values, negative net



4

present values representing costs to the farm. Costs included in the assessment of
the two systems included capital costs (tanks and pumps), operating costs
(electricity, insurance, taxes, etc), land application costs, and costs or revenue
associated with sale of manure or purchase of fertilizer. The cost (as present
worth) of nutrient management over a 20-year period with EBPR ($4,349,326)
was greater than nutrient management without EBPR ($4,005,288). The more
land-limited the farm and the greater the hauling distance to land needing manure
P, the more economically beneficial the treatment system. EBPR had an economic
advantage for an 805 cow herd if the cropland available for manure application
was less than 270 ha. For an average hauling distance over 117 km, EBPR had an
economic advantage.  This analysis, however, did not consider the impact of
one of the key findings of this research: that the P-dense “sludge” produced
from the fermenter-EBPR process has reduced solubility of P relative to fresh
manure and commercial fertilizers.  This means that the cost/benefit relationship
of a fermenter-EBPR treatment system will improve as costs associated with P-
targeted Best Management Practices can be reduced. All Phosphorus Index based
nutrient management regulations do account for differences in P solubility of the
nutrient source, so this particular advantage of the EBPR system CAN be
accounted for, to the farmer’s benefit. Evaluating this revised cost benefit was not
an objective for this project and still needs to be estimated.

b) Maintenance requirements. Daily operation of the EBPR system is more intensive
than traditional storage systems. Feeding and aeration schedules are automated,
but daily checks are needed to identify and fix any equipment failures.
Implementing existing sensor technologies can reduce the effort put toward
manual maintenance.

c) Accuracy. N/A
d) Speed. N/A
e) Ease of use. Daily operation of the EBPR system is more technologically

challenging than traditional systems, but the level of management skill is
plausible for a modern dairy farm. The economic benefits for larger, land-limited
farms and for those in areas of local P surplus would likely make this increased
management worthwhile.

f) End user capacity requirements. Components of the system include: solids-liquid
separator, concrete fermentation basin (1 day storage capacity), concrete EBPR
basin (3 to 4 day capacity), aerators, mixers, and pumps to move liquid waste
between system components. Operator skill requirements are plausible for dairy
farmers, including basic mechanical knowledge and skill.

g) The advancement of science. Our results show very clearly that the EBPR process
will concentrate the P in dairy manure. An unexpected and exciting result is that
the resulting P-dense “sludge” has reduced solubility of P. Our results also
suggest that application of the output manure to pastures would reduce the risk of
P losses in runoff as compared to applying fresh dairy manure or commercial P
fertilizer.
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2. Project Development
a) Abstract

Animal agriculture has been identified as a significant source of nitrogen and
phosphorus contamination of surface water. The overall goal of the proposed research
was to evaluate practices to minimize nutrient delivery from dairy farms to receiving
waters in coastal and estuarine watersheds. The specific objectives of the project are to
(1) evaluate the effectiveness of wastewater treatment strategies to alter the N:P
composition of liquid dairy manure; and (2) characterize nutrient runoff from agricultural
soils typically of the York River watershed, following land application of dairy manure
and wastewater treatment products, in collaboration with the Chesapeake Bay Virginia
NERR site. The research plan included evaluation of biological nutrient removal systems
for dairy wastewater in laboratory experiments and optimized through simulation. The
effect of land application of dairy manure and the products of nutrient removal systems
on the potential for N and P losses in surface runoff was investigated experimentally
using a rainfall simulator and runoff boxes located at the Chesapeake Bay Virginia
NERR site.

We found that the EBPR process will concentrate the P in dairy manure. We also
found that the resulting P-dense “sludge” has reduced solubility of P. Our results also
suggest that application of the output manure to pastures would reduce the risk of P
losses in runoff as compared to applying fresh dairy manure or commercial P fertilizer.

b) Introduction
Concentrated animal agriculture has been identified as a significant source of

nutrient contamination of surface water. Over the past two decades, livestock facilities
have decreased in numbers but have grown in size, increasing animal concentration. This
trend has been observed in all regions of the United States and for all livestock types.
Census of Agriculture data from 1982 indicated that the majority of dairy cows were on
farms with 100 cows or fewer. By 1997, more than half the dairy cows in the US were on
farms with at least 200 cows (Kellogg et al., 2000). Over the same time period, excess
nitrogen (N) and phosphorus (P) on farms increased by over 60%, with 60% of farm N
imports and 65% of P imports not accounted for in crops, animals, and milk produced
(Kellogg et al., 2000).

Environmental concerns with P are primarily associated with pollution of surface
water (streams, lakes, rivers), while N contamination of both ground and surface water is
of concern. Excess N and P in water causes algae to grow rapidly, or to “bloom”. The
decomposition of algae consumes dissolved oxygen in the water, leads to accelerated
eutrophication of surface waters, and impairs the survival and productivity of fish, clams,
crabs, oysters, and other aquatic life (Sharpley et al., 1994).

Historically, P contamination of surface water has been associated primarily with
erosion. As soil P levels increase, however, runoff of soluble P can contribute
significantly to P loss (Daniel et al., 1992). Concentrated animal agriculture has been
identified as a significant source of P contamination of surface water (10-50% of total P
loads, depending on watershed; Smith and Alexander, 2000). Brown et al. (1989) found
that nonpoint source runoff, mostly from dairy barnyards, accounted for more than 80%
of total and dissolved P in the Cannonville Reservoir in New York. Animal manure is
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usually land-applied to supply nutrients for crop growth, but the N:P ratio in manure
typically does not match the N:P ratio required by crops. Elevated P levels in soils
receiving long-term land application of animal wastes have been documented for some
time (e.g., Motschall and Daniel, 1982; Pierzynski et al., 1990).

Increasing awareness of the impact of concentrated livestock production on water
resources has led to more stringent environmental regulations. One key change in water
quality regulations in the past five years is the shift from a primary focus on N to an
increasing focus on P contamination of surface water. Limiting manure application to the
P needs of crops increases the amount of land required to assure crop uptake of manure P
and often requires the purchase of costly N fertilizer. These P-based regulations will have
a severe, detrimental effect on the agricultural economy in areas of intensive animal
agriculture (Pease et al., 1998).

Areas facing the dilemma of an economically important livestock industry
concentrated in an environmentally sensitive region have few options. If agricultural
practices continue as they have in the past, damage to water resources and a loss of
fishing and recreational activity are inevitable. But if agricultural productivity is reduced,
the maintenance of a stable farm economy, a viable rural economy, and a reliable
domestic food supply are threatened. Practices that reduce nutrient losses without
impairing farm profitability must be developed and implemented.

Development and application of these technologies will help prevent nutrient
contamination in estuaries and coastal waters. While agriculture is often not the dominant
land use in these ecosystems, its contribution to nutrient losses is disproportionate.
Across the Chesapeake Bay watershed, for instance, agriculture makes up 28.5% of land
use, but contributes 42.1% of delivered N and 49.8% of delivered P. The mix of fresh and
salt water characteristic of estuarine and coastal ecosystems makes focus on reducing
losses of both N and P important. Nitrogen and P are both required for eutrophication; P
is the most limiting nutrient in fresh water and N in salt water.

Soil phosphorus, manure management, and water quality implications
Surplus P applications on a field scale occur frequently because application of

animal manures has traditionally been based on the N needs of the crop. Most animal
manures have an N:P ratio that is lower than the N:P ratios in harvested crops. Sharpley
et al. (1994) estimated that applying poultry litter to meet N needs of common agronomic
crops results in an annual surplus of 14-60 kg P ha-1 in excess of crop P uptake.
Alternatively, limiting manure application to the P needs of the crop requires the
purchase of costly N fertilizer.

Complicating manure N and P application further is the fact that the N:P ratio in
animal manure can change between excretion and land application. Significant amounts
of N can be lost as ammonium from production facilities (Petersen et al., 1998) and
during storage. From the time of excretion until land application, N losses can be as high
as 90% (Chaney et al., 1992; Barker, 1996; Sutton et al., 2001). Manure N can also be
lost through volatilization of ammonium-N following land application, with the
magnitude of these losses depending on the type of manure, method of manure
application and environmental conditions. Phosphorus losses, in contrast, are negligible
and unaffected by waste-management and land application systems.

Also, a majority of manure N is bound in organic compounds. The slow release of
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N from these organic forms means that more manure N must be applied to obtain yields
comparable to those obtained with commercial N fertilizer. Azevedo and Stout (1974)
estimated that during the first year of application, manure N is 20 to 50% as effective as
N in commercial fertilizers. Expected variations in N mineralization during the first and
subsequent years following application and the potential for N losses through ammonium
volatilization has led to the use of N availability coefficients based on animal type, waste
handling system, and the method of manure application (Evanylo, 1994). These
coefficients are used to estimate the plant available N in manure and to determine manure
application rates. In general, N:P ratios based on plant available manure N was lower as
compared to N:P ratios based on total manure N.

Application of P in excess of plant P needs results in an increase in total soil P as
well as extractable soil P levels (e.g., Vitosh et al., 1973; Motschall and Daniel, 1982;
King et al., 1990; Vivenkandan and Fixen, 1990; Sharpley et et., 1993; Dormaar and
Chang, 1995, Sui et al., 1999). The P content of surface soils directly affects the amount
of dissolved reactive inorganic P (DRP) in surface runoff (Sharpley et al., 1978; Daniel et
al., 1994; Pote et al., 1999).

Although P losses in surface runoff are related to soil test P, recent additions of
fertilizer or manure can dominate P losses in the short term and override the effects of
soil test P (Sauer et al., 2000; DeLaune et al., 2001; Sharpley et al., 2001). Phosphorus
concentrations in surface runoff from plots receiving fertilizer P, swine slurry, or poultry
litter within three weeks of rainfall was poorly related to soil test P levels (Sharpley et al.,
2001). Instead, P losses in runoff were dependent on the amount and type of applied P.
Research has also demonstrated that DRP in surface runoff can vary as a function of
manure type (Westerman and Overcash, 1980; Sharpley et al., 1998; Kleinman et al.,
2002b). Surface applications of manure will result in temporary increases in water
soluble P at the soil surface, increasing the likelihood of elevated levels of soluble P in
surface runoff. Thus, losses of P in surface runoff from recently manured fields may be
highly dependent on the solubility of P in the manure or by-product applied.

Site specific field assessment tools are being developed to identify critical areas of
P loss from agricultural watersheds (Lemunyon and Gilbert, 1993; Gburek and Sharpley,
1998). These indices (i.e., Phosphorus-Index) differentiate between “source” and
“transport” factors that control P movement from land to water. Source factors represent
the amount of P within a field (residual soil P and recently applied P) while transport
factors represent the potential for P transport from the field. Since recent additions of P
can affect P losses in surface runoff, most states including Virginia (Mullins et al., 2001;
2002) have adopted or are in the process of developing indices that distinguish between
various sources of P based on the expected solubility of the applied P in surface runoff
water. Thus, if on-farm waste treatment processes are developed for dairy farms it was
important to know how they affect not only the N:P ratios of the waste treatment by-
products but also the potential solubility of P in these by-products.

Waste collection and treatment on dairy farms
Dairy manure as excreted is a semi-solid material with approximately 12% total

solids (MWPS, 2000). Dairy cattle are typically housed in a free-stall facility, designed to
allow cows to eat and lie in a dry, clean area, to which some form of bedding material is
added. The free stall design attempts to contain manure excretion to alleyways, from
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which the waste can be collected. Bedding material from a free-stall operation mixes with
the manure, raising its solids content. The resulting material is too wet to handle as a
solid, but too dry to pump easily. Smaller dairies typically scrape manure from the
alleyway to a reception pit, where it flows by gravity or is augered to storage or, with the
addition of water, is pumped to a storage facility.

As dairies have increased in size, removal of manure from the barn with flush
systems has become more common, especially in more temperate climates. These manure
handling systems are mechanized and require minimal labor relative to scrape systems.
Typically, flush tanks are located at one end of the barn and a volume of water is
periodically released from the tanks down the alleyway to scour wastes from the facility
to a sump pit. The waste, which has a greatly reduced solids concentration due to the
addition of flush water, is pumped from the pit to an earthen storage basin or tank.
Supernatant water is recycled from storage for use in flushing.

Historically, dairies that collected waste with a scraper system provided no
treatment of the waste prior to land application. The introduction of flush systems has
provided some motivation to improve the quality of the waste effluent, since it is pumped
(recycled) back into the housing facility as flush water and is land applied as a liquid
through irrigation equipment. Stricter environmental regulations also provide incentive to
treat the waste prior to land application. Solid-liquid separation is commonly used in
municipal and industrial wastewater treatment systems. Solid-liquid separation reduces
the organic loading to the liquid treatment system, removes large particles that could plug
or damage nozzles in the irrigation system used in land application, and results in a
fibrous by-product that can be moved off-site more easily, with or without further
processing, if export of nutrients is required. Despite these benefits, solid-liquid
separation has not been widely adopted on livestock farms because of its cost.

The performance of solid-liquid separators varies in terms of solids removal and
partitioning of nutrients between the liquid and solid fractions (Powers et al., 1995;
Zhang and Westerman, 1997; Converse et al., 2000). Performance varies considerably as
a function of both separator type and influent characteristics (including % total solids and
flow rate). Reported P removal from the solid fraction ranges between 2 and 53%
(Converse et al., 2000).

Enhanced biological phosphorus removal (EBPR)
Even after solid-liquid separation, a significant fraction of N and P remains in the

wastewater (Van Horn et al., 1994). Biological treatment is the next choice in nutrient
removal. Enhanced biological P removal (EBPR) is a treatment process that takes
advantage of the ability of P-accumulating organisms (PAOs) to sequester excess P as
polyphosphate granules in their cytoplasms (Figure 1; Grady et al., 1999). Phosphorus is
immobilized inside of PAOs as polyphosphate granules when the microbes are exposed
to sequential anaerobic/aerobic conditions (Lötter et al., 1986). PAOs are heterotrophic
bacteria, and preferentially use volatile fatty acids (VFA) as their electron donating
substrate (Grady et al., 1999).

Under anaerobic conditions, PAOs use energy derived from the hydrolysis of
stored polyphosphate granules to sequester and store VFA as a polymerized carbon
storage compound called poly-ß-hydroxyalkanoate (PHA; Wentzel et al., 1991).
Inorganic phosphate (Pi) is released into solution as a result of the hydrolysis process.
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Subsequently, when PAOs are exposed to aerobic conditions, they use PHAs to fuel
growth and reestablish depleted polyphosphate reserves by sequestering Pi from the
wastewater. The result is movement of Pi from solution into the biomass. Because
cellular growth is occurring and cellular biomass is regularly removed from the system
(wasting), P uptake by PAOs under aerobic conditions is greater than P release under
anaerobic conditions. At the end of the treatment process, the liquid effluent is low in P
while the biomass wasted from the system is enriched in P.

If the anaerobic and aerobic basins are designed and operated correctly, PAOs
will have a competitive advantage over non-PAO heterotrophic bacteria. When PAOs
sequester organic acids intracellularly as PHA, they make that fraction of the wastewater
unavailable to non-PAO bacteria. Although the PAOs do not use the PHA until they are
under aerobic conditions, they gain a competitive advantage by scavenging most of the
organic substrate for themselves. However, if the wastewater is not pretreated to convert
most organic matter into VFA, non-PAOs can compete with the PAOs for the substrate,
reducing the effectiveness of EBPR. Therefore, pre-fermentation of the wastewater is
critical to the success of EBPR systems.

c) Objectives
The overall goal of the proposed research was to evaluate practices to minimize

nutrient delivery from dairy farms to receiving waters in coastal and estuarine
watersheds. The specific objectives of the project were:

1. To evaluate the effectiveness of wastewater treatment strategies to alter the N:P
composition for dairy waste. Sub-objectives are:

a To measure experimentally in dairy wastewater the stoichiometric and kinetic
parameters that have the greatest effect on model simulation of wastewater
treatment,

b To use these parameters and measured wastewater characteristics to simulate
EBPR with separated dairy manure wastewater, and

c To construct, operate, and evaluate the two most promising EBPR reactors to
validate the model and key parameters

2. To characterize nutrient runoff from soils typically of the York River watershed,
following land application of dairy manure and wastewater treatment products, in
collaboration with the Chesapeake Bay Virginia NERR site

d) Methods
While promising, our preliminary analysis of biological nutrient removal systems

by Yanosek (2002) was limited, as we lacked experimental values for model parameters,
as well as measured data on a functioning SBR for dairy wastewater treatment. The
research reported here built on this preliminary work. We measured experimentally in
dairy wastewater the stoichiometric and kinetic parameters that we found have the
greatest effect on model simulation, and used these parameters and measured wastewater
characteristics to simulate EBPR with separated dairy manure wastewater. The most
promising reactor configurations determined by simulation were constructed, operated,
and evaluated to validate the model and key parameters. The products of this reactor (P
enriched biomass, P and N depleted effluent) were land applied to agricultural soils in the
Chesapeake Bay Virginia NERR site, and P and N runoff were measured and compared
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to runoff from plots with traditional nutrient application (as-excreted manure, and
commercial P fertilizer).

Objective 1a. To measure experimentally in dairy wastewater the
stoichiometric and kinetic parameters that have the greatest effect on model simulation

Task 1.1 Fermentation and wastewater analysis
Solids-separated liquid waste were generated by collecting feces and urine from

lactating cows at the Virginia Tech Dairy Center, and this manure was separated using a
research-scale mechanical separator (currently available at Virginia Tech). This scaled-
down version of a commercially available mechanical solid-liquid manure separator
consists of two perforated basins (concave screens), with a rotating brush assembly to
convey slurry across the screens. The mixed slurry (as excreted) and effluent from the
solid-liquid manure separator was analyzed for TSS, VSS, TKN, ammonia-N, total P,
organic P, water-soluble P, COD, and VFA.

This waste was fermented to produce VFA in a reactor operated as an SBR. The
reactor was held at 20oC to simulate cold fermentation, as would be expected to occur on
most dairy farms. A covered 55-gallon plastic drum was used for the reactor and was
assembled with motorized paddle mixers. The mean cell residence time was 3 days, the
hydraulic residence time was 24 hours, and feedings was four times per day. The
fermenter effluent was sampled twice weekly and analyzed as above. The effluent from
the system has been characterized for at least 2 months, served as the source of
wastewater for the downstream laboratory studies (Task 1.2 and Objective 1c).

Task 1.2 Parameter estimation
The fermented wastewater characteristics from the pre-treatment system operated

during Task 1.1 were used as inputs into BioWin32 Process Simulator. Most of the
kinetic and stoichiometic parameters for EBPR treatment used in BioWin have been
determined from the literature, but sensitivity analysis by the co-PI’s indicated that the
BioWin model is highly sensitive to values used for six parameters: maximum specific
growth rate and growth yield of PAO bacteria, aerobic phosphate uptake rate per unit
polyhydroxy butyrate (PHB, the most common carbon storage compound in P
accumulating microorganisms) utilized for growth, PHB yield per unit VFA consumed,
amount of phosphate released per unit VFA consumed, and the fraction of phosphate
taken up which can subsequently be released.

Two additional parameters known to be important for modeling N removal are ηg,
a correction factor for the rate of heterotrophic growth under anoxic conditions, and ηh, a
correction factor for the rate of particle hydrolysis under anoxic conditions. Additionally,
conventional parameters such as maximum specific growth rate and growth yield of
nitrifying and denitrifying bacteria are expected to significantly influence the simulation
exercise and was experimentally measured.

More accurate estimates for these parameters were needed for dairy wastewater to
enable design and evaluation of biological nutrient removal systems for this waste
stream. To estimate these, a laboratory-scale EBPR system was started ~one month after
the fermentation systems are begun. A laboratory-scale SBR was used to establish a
functional N and P-removing EBPR system, as described Goronszy and. Rigel (1990).
The laboratory scale system was approximately 15 L in volume and was controlled
automatically by timers to simplify operation. It will receive effluent from the
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fermentation system as feed. The 15 L volume provides sufficient biomass to conduct
parameter-estimating experiments from a BNR-functioning biomass. These
experimentally determine parameter values were used for simulations of reactor
configurations (Objective 1b).

Objective 1b. To use these parameters and measured wastewater
characteristics to simulate EBPR with separated dairy manure wastewater.

The fermented wastewater was characterized and used as a feed wastewater to
simulate EBPR in SBRs. The SBR configurations simulated included (1) single feed at
beginning of cycle containing one anaerobic/anoxic/aerobic sequence, (2) equally-
distributed step feed through a single anaerobic and multiple anoxic/aerobic stages within
a single treatment cycle, and (3) varying step feed through a single anaerobic and
multiple anoxic/aerobic stages within a single treatment cycle. The most promising
reactor configuration determined by simulation was constructed and operated to validate
the model and key parameters (Objective 1c)

Objective 1c. To construct, operate, and evaluate up to two promising EBPR
reactors.

Once a superior EBPR configuration was identified through simulation, a
research-scale EBPR system was constructed and operated to validate model predictions.
The SBR system had a working volume of 180 liters and was automated using timers and
peristaltic pumps. One of the PI’s (Love) has extensive experience with sequencing batch
reactors at this scale. The reactor was monitored twice weekly to characterize treatment
performance for the parameters listed in task 1.1, and by microscopic evaluation for
identifying PHB and polyphosphate granules in the biomass.

Objective 2. To characterize nutrient runoff from soils typical of the York
River watershed

We expected that the N:P ratios of the manure and byproducts resulting from
wastewater treatment was greater than that of unmanaged/untreated manure. Thus, when
manure is applied on an agronomic basis, the amount of P applied was less, however, the
solubility and potential bioavailability of the remaining P is uncertain. From a water
quality standpoint, the question is whether the change in amount of applied P is enough to
reduce the amount of P lost in runoff. Answering this question depends on the ability of
runoff to entrain P through interaction with the soil surface and surface layers, the
amount of P adsorbed to sediment and the solubility of P in the applied manure and
wastewater treatment byproducts. The effect of P source (dairy manure and waste
treatment endproducts) on the potential for N and P losses in surface runoff was
investigated experimentally. Specifically, a rainfall simulator and runoff boxes was used
to determine N and P losses from a major agricultural soil in the York River watershed in
Virginia.

Task 4.1 Rainfall Simulation
Simulated runoff studies were conducted using a portable rainfall simulator. For

these experiments, a field having a typical soil series for the area that is in permanent
forage production (pasture or hay) located in the York River Watershed was selected.

Rainfall Simulation. Simulated runoff studies were conducted using a portable
rainfall simulator. Pictures of the rainfall simulation work are in the file Pictures from
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runoff work.ppt. The field selected for the runoff studies was located in the York River
Watershed on a working farm. Soil in the study area was mapped as a Norfolk Sandy
loam, a well drained soil common to the Coastal Plain region. Forage in the study site
consisted of a mixture of weeds and bermudagrass and would be classified as a
native/unimproved pasture according to the Virginia Tech Soil Testing Laboratory.
According to current Virginia standards, a P based application for this site would be 25
lbs P2O5/acre.

The runoff studies included four (4) treatments: 1) A No-P control, 2) commercial
phosphate fertilizer (triple Superphosphate), 3) Input Dairy Manure and 4) Output
Manure biomass. All P sources were surface broadcast applied ~ 24 hours prior to the
first simulated rainfall event at a rate to supply 25 lbs P2O5/acre.

Input dairy manure was the liquid effluent of mechanically separated dairy
manure, diluted 50% (w/w) with fresh water prior to separation (Generation of this
effluent outlined in Objective 1A, composition detailed in Table 1A.1). This material is
similar in P content to the liquid manure from dairy farms with a flush manure removal
system. The EBPR sludge is the mixed liquor from the reactor operation as defined
above, thickened via settling (30 minutes) to 30% of the original volume. It is important
to note that this material was still quite dilute, as the input dairy manure was subject to
several dilutions during treatment. Operationally, thickening this sludge will be a
critical next step toward implementing the technology at the farm level.

Simulated rainfall was applied according to the guidelines indicated by the
National P Research Project (Sharpley et al., 1999; Mullins et al., 2001) for Simulated
Rainfall Protocol. The rainfall simulator consists of a single “Tee Jet” HH-SS-50WSQ
nozzle attached to a 3 x 3 x 3 m metal frame (Miller, 1987) and calibrated to achieve an
intensity of 7.0 cm hr-1. In this approach paired 0.75 x 2 m plots (one 1.5 x 2-m plot split
up the long axis) were established in the study area. Prior to installation of the runoff
plots, the entire experimental area was cut with a lawn mower to a height of ~ 10 cm and
all clippings were removed. Runoff plots were constructed, with the long axis oriented
down the slope. Metal borders (0.1875 inch thick and six inches wide) 5 cm above
ground were installed around each plot to isolate runoff and collection gutters were
installed at the downslope edge of each plot.

Prior to treatment application, soil samples were collected from outside (adjacent
to) the plot to avoid disturbance of the experimental plots. An additional set of samples
were collected from the plots after the simulated rain events. Soil samples were collected
from the top 0-5 and 0-10 cm of the soil.

Simulated rainfall events and runoff collection:  Manure, by-products, and
commercial P fertilizer treatments were surface applied without incorporation at rates to
supply 25 lbs P2O5/acre. Each treatment had a minimum of three replications and the first
simulated runoff was conducted within 24-hours after treatment application. Runoff
events were conducted using the following steps. Prior to treatment application, percent
surface cover (residue/thatch) was measured using the method described by Laflen et al.
(1981). The antecedent moisture conditions were evaluated gravimetrically. Simulated
rainfall events were conducted at an intensity of 7.0 cm hr-1. Two rainfall simulations
were conducted (11/14/05-11/16/05) for all treatments. The first simulation was
conducted within 24 hours following treatment application and time between the first and
second rainfall events was ~ 24 hours.
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For both simulations, runoff was collected/determined in toto during a 30-minute
runoff period. In this scenario, the total runoff from each plot was weighed to determine
runoff volume, and a final subsample was taken for chemical analysis. For the second
runoff event, runoff samples of approximately 1 L volume were collected at 5-min
intervals during the runoff event beginning 2.5 min after the start of continuous runoff
(six discrete samples/plot/rain), giving a total runoff time of 30 minutes. Sample volumes
and the corresponding times required to collect them were recorded to calculate the mean
runoff flow rates and total runoff volumes.

Runoff and soil analysis. Runoff sub-samples were analyzed as follows
(Pierzynski, 2000): (i) DRP (filtered through 0.45 µM Millipore filter papers) analyzed
colorimetrically (Murphy and Riley, 1962; Pierzynski, 2000); (ii) total P by digestion in
concentrated H2SO4 with K2SO4/HgSO4 catalyst and analyzed on a Bran Luebbe flow
injection analyzer by the automated ascorbic acid reduction method; and (iii) sediment
concentration (subsamples of runoff placed in glass beakers of known mass, weighed
before and after evaporation at 120oC).

Phosphorus characterization of collected soil samples included: (i) Mehlich-1 P
(M1-P) (Mehlich, 1953); (ii) Mehlich-3 P (M3-P) (Mehlich, 1984); (iii) water soluble P
(WSP) (Pote et al., 1996); (iv) total soil P by the EPA 3051 method and (v) ammonium
oxalate extractable P, Al, and Fe (Pox, Alox, and Feox,) (Pote et al., 1996; Sheldrick, 1984).
The degree of P saturation (DPS) or the P saturation index for ammonium oxalate
extractions was determined as follows (values in mmol kg-1): DPS = Pox/[Alox + Feox].

e) Results
Objective 1, Task 1A: Dairy Wastewater Composition

The composition of separated dairy manure was characterized and is shown in
Table 1.A.1. Six early lactation cows were fed a common diet, and all excreted urine,
feces, and milk were collected on 3 consecutive days for three periods (switchback
design). All excreted urine and feces were mixed by cow in the proportions excreted.
Water was added to create a diluted slurry (50% water w/w) to reflect the common
practice of flush removal of waste from the barn. Water, feces, and urine were mixed for
three minutes with a paint mixing paddle attached to a drill. Slurry from each cow was
stored at ambient temperature for 24 h, and then mixed, subsampled and pumped through
a mechanical solids separator. The separator consisted of two perforated basins (concave
screens), with a rotating brush assembly to convey slurry across the screens. Liquids flow
through the screen to a collection basin below the screens. Solids are advanced and
forced out of the discharge by the rotating brushes. Liquid effluent and manure solids
were weighed and subsampled, then analyzed in triplicate. The liquid effluent was used
to feed the laboratory-scale fermentor and EBPR reactor, as well as the pilot-plant due to
problems encountered with the full-scale manure, which is contaminated with high levels
of inert suspended solids that significantly reduce the fermentation potential (discussed
below).

Objective 1, Task 1B: Laboratory-Scale Reactor Performance and Parameter
Estimation

The overall performance of the laboratory-scale fermentor and EBPR sequencing
batch reactor (pictorially shown in Figure 1B.1 with operational strategy shown in Figure
1B.2) are shown in Figures 1B.3 and 1B.4. The fermentor produced a high VFA content



14

in the effluent, up to 9,300 mg/L as COD with the majority of this due to acetic acid
production (Table 1B.1). This level of performance was essential for successful EBPR.
The EBPR reactor achieved 95% phosphorus removal (see Table 1B.2, for
performance on example day).

During the successful EBPR operating period, biomass was harvested from this
reactor and used for parameter estimation studies. Six parameters were estimated and
were the parameters that EBPR was most sensitive to based on the results of a simulator
sensitivity analysis performed prior to this research (Yanosek, 2002). As can be seen in
Table 1B.3, the parameter estimates we derived are generally in the range obtained in the
literature for other wastewaters.  Finally, the soluble reactive phosphorus usage of the
EBPR was higher than what would have been expected for biomass growth alone. Except
for the times when nitrification occurred in the system, soluble reactive phosphorus
concentrations of the effluent were around 0.3 mg P/L. The system ran at P-limited
conditions and reached percent P values of 2-3% in the biomass (Figure 1B.5).

Objective 2: Simulation Studies
Simulation studies were performed throughout this work, but not without

complications.  We have switched simulation software and work continues on validated a
simulation model with the laboratory and pilot plant data.

Objective 3: Pilot-Scale EBPR System and Fermentor at the Virginia Tech Dairy
The pilot scale fermentor system and pilot-scale EBPR reactor were monitored for

221 days. Figure 3.1 shows a schematic representation of the pilot-scale systems used in
this phase, and Figure 3.2 is a picture of the actual system.

Fermentation Potential Analysis
The field-scale treatment system did not perform EBPR at the start of operation.

A primary cause was thought to be the low VFA concentration in the feed and/or
improper fermentation. Initial fermentation potential analysis confirmed that the
fermentor did not ferment. We know that the system had high concentrations of volatile
suspended solids (VSS) which should have allowed fermentation, but more detailed
fermentation potential analyses were conducted to compare the fermentation potential of
three potential feed streams. The first feed stream analyzed was the wastewater used in
the parameter estimation studies performed with the lab-scale system (referred to
hereafter as lab-scale feed). This feed stream is the wastewater collected during the cow
study during the first phase of the project. The second feed stream analyzed was
wastewater from the settling basin (SB) at the Virginia Tech Dairy Center. This is the
feed that we used at the startup of the pilot-scale phase. The third feed stream analyzed
was primary sludge (PS) obtained from the Blacksburg-VPI Wastewater Treatment Plant
(WWTP). This feed should inherently have a very high fermentation potential and served
as a positive control. In addition, a fourth test was conducted, which consisted of a blend
of PS (10%) and SB (90%).  The fermentation potential of these four feed stream
combinations were analyzed, and the results are summarized in Table 3.1 (VSS losses)
and Figure 3.3 (VFA concentrations).

The data show a significant increase over time in the total VFA (TVFA)
concentrations in PS and lab-scale feed primary sludges, but substantially less in the SB
waste. The VFAs in the PS, which served in effect as a positive control for the
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fermentation potential assay, increased from 0.09 to 0.21 mg VFA as COD/mg initial
VSS over a course of 8 days. The lab-scale feed had the highest fermentation potential
result and increased from around 0.16 to 0.73 mg VFA as COD/mg VSS over 8 days.
One hundred percent (100%) SB wastewater (used as feed into the pilot-scale fermentor)
had the lowest TVFA concentration of all four potential assays, with a change from 0.009
to 0.015 mg VFA as COD/mg VSS, and demonstrated peak VFA formation potential at
day 6 of 400 mg COD/L, of which about half was acetic acid. Acetic acid is the most
essential VFA for successful EBPR. The 10% PS and 90% SB wastewater mixture
resulted in better fermentation, but still not enough VFAs to satisfy the need for the
downstream EBPR system. This problem of insufficient VFA was made worse by the
significant, aforementioned dilutions we had to perform to keep the MLSS concentration
in the bioreactor low enough to supply enough dissolved oxygen in the aerobic zones.
The VSS data largely corroborated the VFA data in that a significant loss of VSS over the
course of a fermentation potential test typically translated into high VFA formation.
These tests were repeated and validated (data not shown).

Overall, the difference between the fermentation potentials of the SB versus the
lab-scale feed was clear, and prompted us to begin using the lab-scale feed for the pilot
scale system. This introduced some operational difficulty because the lab-scale feed was
only available in small quantities and had to be hauled to the site daily. To accommodate
this, we had to down-size the fermentor; however, this change resulted in proper
fermentation. TVFA concentrations produced by the fermentor once the lab-scale feed
was introduced ranged from 1,700 to 5,100 mg/L COD.

This series of fermentation potential studies made clear the need to determine if
the very high fraction of inert organic matter in the settling basin wastewater was an
unexpected consequence of the normal operating strategy in place at the full-scale dairy
center. An alternative explanation is that it was due to a malfunction in the full-scale
solids-separator, causing it to remove mostly biodegradable (non-inert) organic matter
into the solid waste it generated, making the downstream liquid manure stream low in
biodegradable organic matter. To evaluate the cause, a TSS balance on the whole
Virginia Tech Dairy Center was calculated. It was found that almost 60% of the water
that goes through the separator was actually “grey water” used for flushing the barn for
cleaning purposes 4 times a day (Table 3.2). This “grey water” is circulated through the
system in order to conserve water. This is a common practice in full-scale systems since
it generates lower wastewater volumes and saves on fresh water use by the industry.
While this grey water is relatively low in TSS, its high flow rate makes it a significant
contributor of TSS. The problem with this grey water is that due to its recirculation, the
organic matter found in it has lost most of its biodegradable components through
biochemical processes. What is left is essentially inert, and does not support fermentation
and biological treatment. These results indicate that the most critical operations for
biological dairy manure treatment are the ones that are designed to reduce the
amount of total solids. Properly designed systems can be efficient enough to reduce
the solids that are introduced into the treatment stream via grey water.

Pilot-Scale System Performance Data
As described previously in the fermentation potential analysis section, the influent

wastewater used in the Virginia Tech Dairy Center contains high percentage of inert



16

solids, primarily because of the large amounts of flushing water that is recycled in the
system for conservation purposes.  This reuse of grey water resulted in a decreased
fermentation potential because by the time the wastewater arrived at the fermentor it was
already depleted of biodegradable organics.  Under these conditions, we could not
achieve EBPR for a significant fraction of the operation time due to the lack of VFAs in
the EBPR reactor influent.

To overcome this problem, the influent wastewater to the fermentor was replaced
with solids separated, scraped manure (the feed used during the laboratory scale
parameter estimation studies).  Switching wastewaters resulted in sufficient VFA
generation in the fermentor, which in turn, improved the EBPR efficiency of the reactor
over time significantly.  Therefore, graphs are shown for the period when the EBPR
system was operational. The implication of this change is that our reactor work
should be considered relevant to dairy farms that remove manure from the barn via
scraping, rather than flushing with recycled water. Many smaller dairies typical of the
northeast, midatlantic and Midwest utilize a scrape manure removal system, so the
described EBPR system would be relevant in those regions. Future work will focus on
resolving the challenge of low biodegradable organics in recycled flush water.

The EBPR MLSS concentration stabilized around 6,000 mg/L, which is quite
similar to the concentrations obtained during the laboratory scale reactor.  Effluent TSS
concentrations also declined to below 100 mg/L over time, which was indicative of good
settling for this type of treatment system where influent TSS concentrations around 1,500
to 2,000 mg/L were fed to the reactor.  Total suspended solids concentrations of influent,
effluent and mixed-liquor are shown in Figure 3.4.

The switch to a wastewater with a higher fermentation potential resulted in
very successful P removal.  As shown in Figure 3.5, the effluent soluble reactive P
concentration trended to below 1 mg/L after successful fermentation was achieved. The
effluent total P averaged 3.3 + 3.5 mg/L as P; the high variation is reflective of high
values obtained shortly after the fermentor began operation.  The effluent total P recorded
over the last two weeks of operation averaged 1.4 + 0.5 mg/L as P.

Objective 4. Evaluate the impact of dietary nutrient management and
wastewater treatment strategies on potential losses of P in runoff from agricultural
soils to which dairy manure and wastewater treatment byproducts are applied

Site conditions. Mehlich I extractable (soil test P) in the surface 0-10 cm layer of
the test area averaged 30 mg P kg-1 prior to treatment application. This level of soil test P
would correspond to a “High” P rating based on the Virginia Tech Soil Testing Soil
Testing Laboratory. Phosphorus fertilizer recommendations for native/unimproved
pasture for “High” P testing soils would be zero (0), since the residual P in the soils
would meet the P needs of the crop. However, the Virginia Department of Recreation
would allow manure to be applied to this soil at an estimated crop P removal rate of rate
of 25 lbs P2O5/acre. Thus, the two manure sources and commercial P fertilizer (triple
superphosphate) were applied at a rate to supply 25 lbs P2O5/acre.  The phosphate content
and rates of each manure source applied are presented in Table 4.1.

Percent slope for the runoff plots averaged 9.5 % (+1.1%) and ground cover
averaged 87% (+ 9.8%). Gravimetric soil moisture content of the surface 0-10 cm soil
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averaged 14% (+ 1.4%) and 19% (+ 1.2%) prior to the first and second rainfall events,
respectively.

Mehlich 1 P, Mehlich III P, total soil phosphorus (P) and P saturation index levels
prior to the application of treatments and the first simulated rainfall event and following
the second rainfall events in the surface 0-2.5 and 0-10 cm soil layers are presented in
Fig. 4.1 to 4.4. As expected, there were no significant differences among the runoff plots
prior to applying treatments. However, the data presented in Fig. 4.1 to 4.3 indicate a
high degree of variability within the site in particular for Mehlich III and total soil P at
the 0-10 cm depth. Statistical analysis of the data (P < 0.10) showed that following
application there were treatment did not affect any measure of soil P (Mehlich 1, Mehlich
III P, total P or P Saturation Index; Fig. 4.1 to 4.4).  It is speculated that a combination of
site variability and a low rate of P application (25 lbs P2O5/acre) contributed to a lack of
differences among treatments.

A comparison of the treatment areas before and after treatment (after = following
application and the two simulated rainfall events) shows increases in Mehlich 1 and
Mehlich III P in the surface 0-2.5 cm layer (P < 0.10). While significant, tThe difference
between the control before and after is small (less than 2 ppm in soil in 0-1" and less than
1 ppm in 0-4") and may be do to sampling error. The soil sample before the simulation
was taken from the outside of the plot area around the whole metal frame border, so the
same sample was used for both of the split plot treatments it contained. Soil samples after
simulation were taken within each split plot. Also, there was great variability between
replicate plots. Trends were less evident in the 0-10 cm sample which can be attributed to
dilution of applied P with the deeper sampling depth.

Simulated runoff data. Total runoff volumes per plot as affected by treatment are
summarized in Table 4.2. There was considerable variability (high CVs) in runoff
volumes for both the treatments and between replications. During the first simulated
runoff event, the output manure treatment produced a significantly higher volume of
runoff as compared to the other three treatments. For the second runoff event there were
no differences among treatments (P < 0.10), although the output manure treatment still
produced the numerically highest volume of runoff. A higher volume of runoff for the
output manure treatment during the first runoff event especially when compared to the
control and commercial fertilizer treatments can be attributed to the volume of water
applied (29 L/plot; Table 4.1) in this treatment to a very dry soil.

The forms of P measured in surface runoff from the first and second simulated
runoff events are presented in Fig. 4.5. Dissolved reactive P (DRP) is a measure of the
amount of inorganic orthophosphate (PO4-P) in solution and is considered to be the most
readily bioavailable form in aquatic systems. Statistical analysis of the data showed that
there were no significant differences between the commercial fertilizer and input manure
treatments for both rainfall events. In contrast, the control and EBPR sludge
treatments yielded significantly lower runoff DRP as compared to the commercial
fertilizer and input manure. These data demonstrate that the input manure behaved
similarly to commercial fertilizer and that the P in the EBPR sludge had a lower
solubility as compared to the input manure. Total P concentrations in runoff (Fig. 4.5)
followed similar trends to DRP, however, due to high variability in the data, there were
no significant differences among treatments.
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During the second runoff event, runoff samples were collected at 5-min intervals
during the thirty minute runoff event and analyzed for DRP. Data presented in Fig. 4.6
shows that DRP values were highest in the first 5-min of the runoff event and then
decreased steadily over time. This type of trend over time is common for simulated
rainfall studies. Again, the output manure treatment was identical to the control and both
were lower than observed with commercial fertilizer or input manure.

The mass (kg P/ha) of DRP (Fig. 4.7) and Total P (Fig. 4.8) lost in surface runoff
during the first and second simulated rainfall events are similar to the trends observed for
the concentrations of DRP and total P in runoff (Fig. 4.5).However, due to variability in
the data, there were no significant differences among treatments for the mass of DRP or
total P lost in surface runoff. A lack of a significant difference among treatment for the
mass of DRP and total P was somewhat surprising and may be attributed in part to the
variability in the volume of surface runoff measured from plot to plot (Table 4.2).

f) Discussion
The investigators on this proposal are the first to successfully demonstrate

enhanced biological phosphorus removal from dairy manure. In our lab-scale system, we
have succeeded in removing 90% of the phosphorus from manure, producing a P-rich
biomass suitable for export and a P-depleted wastewater that can be irrigated on high P
soils. We have demonstrated that this treatment method would be cost-effective on
medium to large dairies facing phosphorus based nutrient management regulations.

Simulated runoff studies were conducted on a Norfolk sandy loam soil in a
native/unimproved pasture that was located in the York River Watershed. Treatments
included a no-P control and P applied at a rate of 25 lbs P2O5/acre as commercial P
fertilizer, input dairy manure (untreated) and output manure (P concentrated biomass
from EBPR reactor). The first simulated rainfall event was conducted within 24 hours
following treatment application and time between the first and second rainfall events was
~ 24 hours. For each simulation, runoff was collected for a period of 30-min.

Results from this study showed that the input dairy manure was very similar to
commercial P fertilizer in terms of the potential for P losses in surface runoff shortly after
application to a native/unimproved pasture. In contrast, the output manure resulted in P
losses in surface runoff that were similar to the no-P control treatment. The results show
very clearly that the EBPR process reduced the solubility of P in the output manure
product. Our results also suggest that application of the output manure to pastures would
reduce the risk of P losses in runoff as compared to applying fresh dairy manure or
commercial P fertilizer.

3. Utilization
a) End User Application

The technology is still at the pilot-scale, but we evaluated the runoff potential of
the products of the system with land application at a farm located within the York River
watershed. The farmer whose land we used was curious, somewhat skeptical, but
interested in the results.

b) Intellectual Property and Partnerships
No intellectual property rights, patents, copyrights, licensing have resulted from
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the project, but significant partnerships have been formed with industry, regulatory and
conservation organizations to advance the work. PI Knowlton initiated the Waste
Solutions Forum (WSF), a diverse array of public and private stakeholders exploring
innovative solutions to this nutrient challenge that meet the needs of the environment and
animal agriculture in the Shenandoah Valley. Active members of the forum include about
80 people from across the agricultural, business, regulatory, environmental, and academic
communities. We held a facilitated “outcome-based” discussion that resulted in a detailed
solutions strategy for addressing excess manure and litter, including specific priority
actions for research, pilot projects, policy, and education.

Over the last year since the initial 2 day forum, the extraordinary dedication of the
participant organizations in this “rolling coalition” has allowed us to make significant
progress toward achieving the priority actions, including receipt of over $2 million in
grant funds, initiation of multiple pilot projects and educational events on-the-ground,
and kicking off coordinated policy initiatives. The continued collaboration and
commitment by WSF participants will drive achievement of the goals proposed for next
year and bring us closer to solving the nutrient challenges and securing the agricultural
economy in the Valley. More information on the forum can be found at
http://www.wastesolutionsforum.bse.vt.edu/

c) Knowledge Exchange
Publications: none to date (thesis near completion).  Two papers are in preparation.

Workshops: Results of this project were presented at the Virginia Tech Feed and
Nutritional Management Cow College in Blacksburg, VA in January, 2005.
Approximately 75 dairy industry consultants were present, and the project was well
received.

Conference papers: 5
Presented:
K. F. Knowlton, N. G. Love and M. Muftugil. Wastewater treatment to reduce the

phosphorus content of dairy manure. pp. 129-134 In Proceedings of the
Virginia Tech Cow College, Blacksburg, VA. January 2005.

Weaver, C. C., Muftugil, M. B., Kozarek, J., Wolfe, M. L., Knowlton, K. F. and
Love, N. G. Utilization of a Fermentor to Support Enhanced Biological
Phosphorus Removal with Dairy Wastewater. Presentation at
Undergraduate Research Day, Virginia Tech, October 14, 2004.

Muftugil, M. B., Love, N. G. and Knowlton, K. F. Using Enhanced Biological
Phosphorus Removal (EBPR) to Alter the Nitrogen:Phosphorus Ratio of
Dairy Manure and to Minimize Nutrient Delivery to Receiving Waters.
Presentation at Innovative Uses of Agricultural Animal Manure, Biosolids
and Paper Mill Residuals, June 29 – July 1, 2005 Omni Chicago Hotel,
Chicago, Illinois USA.

Muftugil, M. B., Love, N. G. and Knowlton, K. F. Using Enhanced Biological
Phosphorus Removal to Minimize Nutrient Delivery from Dairy Farms to
Receiving Streams. Virginia Water Environment Association/American
Waterworks Association Joint Annual Meeting, Virginia Beach, Virginia,
September 2005.
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Muftugil, M. B., Love, N. G. and Knowlton, K. F. Using Enhanced Biological
Phosphorus Removal to Minimize Nutrient Delivery from Dairy Farms to
Receiving Streams. Water Environment Federation WEFTEC 2005,
Washington DC, October 2005.

Students that worked on the project.
• Mert Muftugil, graduate student. Nearing completion of M.S. degree in

Civil and Environmental Engineering
• Jessica Kozarek, graduate student. M. S. in Biological Systems

Engineering
• Chris Weaver, undergraduate assistant.  B.S. in Civil Engineering.

Currently a graduate student at University of North Carolina.

4. Next Steps to Application
Operationally, post-treatment thickening of the sludge to further reduce the

volume without causing P loss to the water during the thickening stage is a critical next
step toward implementing the technology at the farm level. Also, additional work to
reduce the solids content of the influent to the reactor will improve the efficiency of the P
removal. Also, we would like to evaluate slight modifications in the operation of the
reactor to maximize its “manage-ability” on the farm.

Approximately 24 months of concerted effort would likely allow for resolution of
these technical barriers and full scale on farm demonstration. Costs would include
personnel, pumps, and analytical expenses.  We envision employing one Ph.D. student
for two years, a MS student for the year when the on-farm demonstration occurs, and a
wage technician who will help with analyses throughout the two year study.

Item Details Rough estimate
Grad students Two years PhD 43,000.00$          

One year MS student 20,500.00$          
Tuition for graduate students (6 semesters) 22,700.00$          
Fringe benefits 7,000.00$           

Wage technician 1500 hours for sampling and analysis 30,000.00$          
Fringe benefits 2,700.00$           

Equipment Pumps, etc. 10,000.00$          
Modifications to existing tanks 20,000.00$          

Supplies Sample analysis 20,000.00$          
Indirect costs 51% on all but tuition 67,677.00$          
Total 243,577.00$        

Regulatory barriers to adoption must also be overcome, for producers needing to
export P rich sludge completely off the farm. An ongoing private-public partnership in
Virginia (The Waste Solutions Forum, see section 3b for more details) is working to
resolve this regulatory barrier and allow appropriate tracking of exported material. This
regulatory barrier will likely be overcome in the next year.



21

5. Literature Cited
Arun, V., Mino, T., Matsuo, T., 1988. Biological mechanism of acetate uptake mediated

by carbohydrate consumption in excess phosphorus removal systems. Water Research
22 (5) pp. 565-570.

Azevedo, J., and P.R. Stout. 1974. Farm animal manures: an overview of their role in the
agricultural environment. Calif. Agric. Exp. Stn. & Ext. Ser. Manual 44.

Barker, J.C. 1996. Swine and poultry manure production and characteristics. In. Coelho,
M.B and E.T. Kornegay (eds). Phytase in animal nutrition and waste management.
BASF Reference Manual. BASF Corp., Mt Olive, NJ. Pp. 1-15.

Bonham, John G., and Darrell J. Bosch. 2001. The value of spatial information in
evaluating pollution control policies in agriculture. Paper presented at the American
Agricultural Economics Association Annual Meeting, Chicago, Illinois, August 5-8,
2001. 24 pp.

Brown, M.P., P. Longabucco, M.R. Rafferty, P.D Robillard, M.F. Walter, and D.A.
Haith. 1989. Effects of animal waste control practices on nonpoint source phosphorus
loading in the West Branch of the Delaware River watershed. Journal of Soil and
Water Conservation 2: 67-70.

Chaney, D.E., L.E. Drinkwater, and G.S. Pettygrove. 1992. Organic soil amendments and
fertilizers. Univ. of California Sustainable, Agric. Res. Ed. Prog. Publ. 21505, Davis.
CA.

Chesapeake Bay Program Office. 2000. Projected Progress Scenario: Phase 4.3
Chesapeake Bay Watershed Model and the Chesapeake Bay Program Modeling
Subcommittee. http://www.chesapeakebay.net/wshed.htm

Coale, F.J., J.T. Sims, and A.B. Leytem. 2002. Accelerated deployment of an agricultural
nutrient management tool: The Maryland phosphorus site index. J. Environ. Qual.
31:1471-1476.

Converse, J.C., Koegel, R.G., and R.J. Straub. 2000. Nutrient separation of dairy manure.
In: Animal, Agricultural, and Food Processing Wastes, Des Moines, IA, ASAE.

Daniel, T. C., A. N. Sharpley and T. J. Logan. 1992. Effect of soil test phosphorus on the
quality of the runoff water: Research needs. In National Livestock, Poultry and
Aquaculture Waste Management. Proceedings of the National Workshop. Kansas
City, Mo. ASAE, St. Joseph MI.: 155-160.

Daniel, T.C., A.N. Sharpley, D.R. Edwards, R. Wedepohl, and J.L. Lemunyon. 1994.
Minimizing surface water eutrophication from agriculture by phosphorus
management. J. Soil Water Conserv. 49:30-38.

DeLaune, P.B., P.A. Moore, Jr., D.E. Carman, T.C. Daniel, and A.N. Sharpley. 2001.
Phosphorus index for pastures.  University of Arkansas, Fayetteville. AR.

Donohue, S.J, and S.E. Heckendorn. 1994. Soil Test Recommendations for Virginia.
Virginia Tech and Virginia Cooperative Extension.

Dormaar, J.F. and C. Chang. 1995. Effect of 20 annual applications of excess feedlot
manure on labile soil phosphorus. Can. J. Soil. Sci. 75:507-512.

Evanylo, G.K. 1994. Mineralization and availability of nitrogen in organic waste-
amended mid-Atlantic soils. In. Neslon, S., and P. Elliott (eds.). Perspectives on
Chesapeake Bay, 1994: Advances in estuarine sciences. CRC Publication No. 147.
Chesapeake Research Consortium, Inc., Edgewater, MD. Pp. 77-103.



22

Gburek, W.J., and A.N. Sharpley. 1998. Hydrologic controls on phosphorus loss from
upland agricultural watersheds. J. Environ. Qual. 27:267-277.

GonCalves, R. G., A. C. Charlier, and F. Sammut. 1994. Primary fermentation of soluble
and particulate organic matter for wastewater treatment. Water Science and
Technology 30:53-62.

Goronszy, M. C. and D. Rigel. 1990. Biological phosphorus removal in a fed-batch
reactor without anoxic mixing sequences. J. Water Pollution Control Fed. 63:248-
259.

Grady, C. P. L. Jr., Daigger, G. T., and Lim, H. C. 1999. Biological Wastewater
Treatment, 2nd Edition, Marcel Dekker, Inc., New York.

Henze, M., Gujer, W., Mino, T., Matsuo, T., Wentzel, M. C., and Marais, G. v. R., 1995.
Activated sludge model No. 2. International Association on Water Quality: Scientific
and Technical Reports, No. 3. Bournemouth, England: Bourne Press Ltd.

Kellogg, R.L., C.H. Lander, D.C. Moffitt, and N.G. Gollehon. NRCS. 2000. Manure
nutrients relative to the capacity of cropland and pastureland to assimilate nutrients:
spatial and temporal trends for the United States. Publication No. nps 00-0579.

King, L.D., J.C. Burns, and P.W. Westerman. 1990. Long-term swine lagoon effluent
applications on ‘coastal’ bermudagrass: II. Effects on nutrient accumulations in soil.
J. Environ. Qual. 19:756-760.

Kleinman, P.J.A., A.N. Sharpley, A.M. Wolf, D.B. Beegle, and P.A. Moore, Jr. 2002a.
Measuring water-extractable phosphorus in manure as an indicator of phosphorus in
runoff. Soil Sci. Soc. Am. J. 66: 2009-2015.

Kleinman, P.J.A., A.N. Sharpley, B.G. Moyer, and G.F. Elwinger. 2002b. Effect of
mineral and manure phosphorus sources on runoff phosphorus. J. Environ. Qual. 31:
2026-2033.

Laflen, J., M. Amemiya, and E.A. Hintz. 1981. Measuring crop residue cover. J. Soil
Water Conserv. 6:341-343.

Lemunyon, J.L., and R.G. Gilbert. 1993. Concept and need for a phosphorus assessment
tool. J. Prod. Agric. 6:483-486.

Lie, E., M. Christensson, K. Jonsson, P. Johansson, and T. Welander. 1997. Carbon and
phosphorus transformations in a full-scale enhanced biological phosphorus removal
process. Water Research 31:2693-2698.

Lötter, L. H., M. C. Wentzel, R. E. Looewenthal, G. A. Ekama and G. v. R. Marais. 1986.
A study of selected characteristics of Acinetobacter ssp. Isolated from activated
sludge in anaerobic/anoxic/aerobic and aerobic systems. Water SA 12:203-208.

Mehlich, A. 1953. Determinations of P, Ca, Mg, K, Na and NH4 by North Carolina soil
testing laboratories. Mimeo. North Carolina Department of Agriculture, Raleigh,
N.C.

Mehlich, A. 1984. Mehlich III soil test extractant: A modification of Mehlich II
extractant. Commun. Soil Sci. Plant Anal. 15:1409-1416.

Miller, W.P. 1987. A solenoid-operated, variable intensity rainfall simulator. Soil Sci.
Soc. Am. J. 51:832-834.

Motschall, R.M., and T.C. Daniel. 1982. A soil sampling method to identify critical
manure management areas. Trans. Am. Soc. Agric. Eng. 25:1641-1645.



23

Mullins, G., M.L. Wolfe, J. Pease, L. Zelazny, L. Daniels, M. Beck, M. Brosius, A.
Vincent and D. Johns. Feb. 2002. Virginia Phosphorus Index, Version 1. Technical
Guide. Virginia Tech & Virginia Cooperative Extension

Mullins, G.L., J.T. Sims, and F.J. Coale. 2001. National phosphorus runoff project
activities in the Northeast: Virginia, Maryland and Delaware. Am. Soc. Agron.,
Madison, Wis. Agron. Abstr.

Murphy, J. and J.P. Riley. 1962. A modified single solution method for the determination
of phosphate in natural waters. Anal. Chemic. Acta. 27:31-36.

MWPS. 2000. Manure Characteristics. MWPS-18. Ames, IA.
Pease, J., R. Parsons and D. Kenyon. 1998. Economic and environmental impacts of

nutrient loss reductions on dairy and dairy/poultry farms, Blacksburg, Virginia:
Virginia Polytechnic Institute and State University, REAP Bulletin 448-231.

Penn, C.J., and J.T. Sims. 2002. Phosphorus forms in biosolids- amended soils and losses
in runoff: Effects of wastewater treatment process. J. Environ. Qual. 1349-1361.

Petersen, B., Temmink, H., Henze, M., Isaacs, S., 1998. Phosphate uptake kinetics in
relation to PHB under aerobic conditions. Water Research 32 (1) pp. 91-100.

Petersen, S.O., A.-M. Lind, and S.G. Sommer. 1998. Nitrogen and organic matter losses
during storage of cattle and pig manure. J. of Agricultural Science, Cambridge.
130:69-79.

Pierzynski, G. 2000. Methods of P analyses for water and soil. SERA-IEG 17 Regional
Publication.

Pierzynski, G.M., T.J. Logan, and S.J. Traina. 1990. Phosphorus chemistry and
mineralogy in excessively fertilized soils. Solubility equilibria. Soil Sci. Soc. Am. J.
54:1589-1595.

Pote, D.H., T.C. Daniel, D.J. Nichols, A.N. Sharpley, P.A. Moore, Jr., D.M. Miller, and
D.R. Edwards. 1999. Relationship between phosphorus levels in three ultisols and
phosphorus concentrations in runoff. J. Environ. Qual. 28:170-175.

Powers, W.J., Montoya, R.E., Van Horn, H.H., Nordstedt, R.A., and R.A. Bucklin. 1995.
Separation of manure solids from simulated flushed manures by screening or
sedimentation. Applied Engineering in Agriculture. Vol. 11(3):431-436.

Randall, A. A. and Liu, Y-H., 2002. Polyhydroxyalkanoates form potentially a key aspect
of aerobic phosphorus uptake in enhanced biological phosphorus removal. Water
Research 36 pp. 3473-3478.

Sauer, T.J., T.C. Daniel, D.J. Nichols, C.P. West, P.A. Moore, Jr., and G.L. Wheeler.
2000. Runoff water quality from poultry litter-treated pasture and forest sites. J.
Environ. Qual. 29:515-521.

Sharpley, A.N, S.C. Chapra, R. Wedepohl, J.T. Sims, T.C. Daniel, A. Breeuswma, and
K.R. Reddy. 1994. Managing agricultural phosphorus for protection of surface
waters: Issues and options. J. Environ. Qual. 23:437-451.

Sharpley, A.N. 1997. Rainfall frequency and nitrogen and phosphorus runoff from soil
amended with poultry litter. J. Environ. Qual. 26:1127-1132.

Sharpley, A.N., J.J. Meisinger, A. Breeuwsma, J.T. Sims, T.C. Daniel, and J.S. Schepers.
1998. Impacts of animal manure management on ground and surface water quality. P.
173-242. In J. Hatfield (ed.) Effective management of animal waste as a soil resource.
Ann Arbor Press, Chelsea, MI.



24

Sharpley, A.N., J.K. Syers, and R.W. Tillman. 1978. An improved soil-sampling
procedure for the prediction of dissolved inorganic phosphate concentrations in
surface runoff from pasture. J. Environ. Qual. 7:455-456.

Sharpley, A.N., R.W. McDowell, J.L. Weld, and P.J.A. Kleinman. 2001. Assessing site
vulnerability to phosphorus loss in an agricultural watershed. J. Environ. Qual.
30:2026-2036.

Sharpley, A.N., S.J. Smith, and W.R. Bain. 1993. Nitrogen and phosphorus fate from
long-term poultry litter applications to Oklahoma soils.

Sharpley, A.N., T. Daniel, B.Wright, P. Kleinman, T. Sobecki, R. Parry, and B. Joern.
1999. National research project to identify sources of agricultural phosphorus loss.
Better Crops with Plant Food, No. 4.

Sheldrick, B.H. 1984. Analytical Methods Manual 1984. LRRI no. 84-30. Land Resourc.
Res. Inst., Ottawa, Canada.

Smith, R. A. and R. B. Alexander. 2000. Sources of nutrients in the nation's watersheds.
Managing nutrients and pathogens from animal agriculture, Camp Hill, PA, Natural
Resource, Agriculture, and Engineering Service (NRAES).

Smolders, G.J.F., van der Meij, J., van Loosdrecht, M. C. M., Heinen, J. J., 1995a. A
structured metabolic model for the anaerobic and aerobic stoichiometry of the
biological phosphorus removal process. Biotechnology and Bioengineering 47 (3),
pp. 277-287.

Smolders, G. J. F., Klop, J. M., van Loosdrecht, M. C. M, Heinen, J. J., 1995b. A
metabolic model of the biological phosphorus removal process: I. Effect of the sludge
retention time. Biotechnology and Bioengineering 48 (3), pp. 222-232.

Stante, L., Cellamare C. M., Malaspina, F., Bortone, G., Tilche, A., 1997. Biological
phosphorus removal by pure culture of Lampropedia spp. Water Research 31 (6) pp.
1317-1324.

Sui, Y, M.L. Thompson, and C.W. Mize. 1999. Redistribution of biosolids-derived total
phosphorus applied to a Mollisol. J. Environ. Qual. 28:1068-1074.

Sutton, A.L., D.D. Jones, B.C. Joern, and D.M. Huber. 2001. Animal manure as a plant
nutrient source. http://www.agcom.purdue.edu/AgCom/Pubs/ID/ID-101.html

Tandoi, V., Beccari, M., Ramadori, R., and Annicchiarico, L. S., 1987. Acinetobacter
spp. growth in alternate anaerobic-aerobic conditions. Proceedings of an International
Association on Water Pollution Research and Control on Biological Phosphate
Removal from Wastewaters, Italy. Ed. R. Ramadori.

Van Horn, H. H., A. C. Wilkie, W. J. Powers and R. A. Nordstedt. 1994. Components of
dairy manure management systems. J. Dairy Sci. 77: 2008-2030.

Vitosh, M.L., J.F. Davis, and B.D. Knezek. 1973. Long-term effects of manure, fertilizer,
and plow depth on chemical properties of soils and nutrient movement in a mono-
culture corn system. J. Environ. Qual. 296-299.

Vivekanadan, M. and P.E. Fixen. 1990. Effect of large manure applications on soil P
intensity. Commun. Soil Sci. Plant Anal. 21:287-297.

Wentzel, M. C., Dold, P. L., Loewenthal, R. E., Ekama, G. A., Marais, G. v. R., 1987.
Experiments towards establishing the kinetics of excess biological phosphorus
removal. In Proceedings of an International Association on Water Pollution Research
and Control on Biological Phosphate Removal from Wastewaters, ed. R. Ramadori,
79-97. Oxford: Pergamon Press.



25

Wentzel, M. C., L. H. Lötter, G. A. Ekama, R. E. Loewenthal, and G. v. R. Marais. 1991.
Evaluation of biochemical models for biological excess phosphorus removal. Water
Science and Technology. 23:567-576.

Westerman, P.W., M.R. Overcash. 1980. Short-term attenuation of runoff pollution
potential for land-applied swine and poultry manure. In Livestock waste – a
renewable resource. Proc. 4th Int. Symp. On Livestock Wastes. ASAE, St. Joseph, MI.

Whichard, D. P. 2001. Nitrogen removal from dairy manure wastewater using sequencing
batch reactors. Masters of Science Thesis, Virginia Polytechnic Institute and State
University, Blacksburg, VA.

Yanosek, Kristina A. 2002. Enhanced biological phosphorus removal from dairy manure
to meet nitrogen:phosphorus crop nutrient requirements. M.S. Thesis. Department of
Biological Systems Engineering, Virginia Tech, Blacksburg, Virginia.

Zhang, R.H. and P.W. Westerman. 1997. Solid-liquid separation of animal manure for
odor control and nutrient management. Applied Engineering in Agriculture. Vol.
13(5):657-644.


